Introduction
============

The interaction between IgE and allergen is a critical molecular interaction that initiates a cellular cascade of events that result in allergic inflammation [@b1]. For instance, cross-linking of IgE on mast cells and basophils initiates cellular degranulation and the release of inflammatory mediators, proteases and pro-inflammatory cytokines whereas IgE-facilitated allergen presentation contributes to T cell activation.

While most common allergens are well characterized, for instance in terms of sequence, structure and often function, the allergen-specific IgE component of allergic disease is poorly defined [@b2]. This lack of knowledge in part stems from the low concentration of IgE in biological fluids and the rarity of IgE-producing cells. In fact, B cells producing allergen-specific IgE have not yet been isolated and characterized from allergic patients. The only access to the molecular structures of human allergen-specific IgE has been via combinatorial cloning approaches using blood-derived cells of the B cell lineage [@b3]. Indeed, only a handful of allergen-specific human IgE have been isolated by these means and characterized so far (reviewed by Gadermaier et al. [@b4]), and only two structures of complexes of such human IgE and allergen have been determined to date [@b5],[@b6].

Due to the relative lack of allergen-specific human IgE, many studies of antibody interactions with clinically relevant allergens had to rely on relatively artificial systems as they have utilized mouse monoclonal antibodies and recombinant chimeric human IgE created from such mouse antibodies. In such a series of investigations factors like IgE concentration, affinity and clonality were shown to be important for the biological outcome of allergen-IgE interaction [@b7],[@b8]. Similarly, it has been demonstrated that the IgE concentration and number of epitopes on the grass pollen allergen Phl p 1 determined the degree of effector cell degranulation [@b9]. Overall, despite their shortcomings such monoclonal antibodies have provided crucial insight into the molecular mechanisms that govern key processes in the allergic reaction.

However, human allergen-specific IgE may differ in important respects from allergen-specific human IgG or mouse antibodies [@b10],[@b11], in particular regarding their mode of allergen recognition [@b5],[@b6]. Human monoclonal IgE may thus represent a better mirror of human allergy-causing humoral immune responses and is therefore a preferred option for such studies [@b4]. Unfortunately, human monoclonal IgE representing heavy and light chain combinations as present in human IgE-producing B cells of allergic donors are not currently available to address matters of IgE-allergen recognition [@b4]. However, allergen-specific antibody fragments derived from the IgE-encoding transcriptome using combinatorial library technology are, as outline above, available [@b4], and these reagents have been used successfully for assessment of human IgE-allergen interactions, as summarized by Gadermaier et al. [@b4].

The largest available set of human monoclonal IgE [@b3],[@b12]--[@b14] that targets a single allergen is that specific for the grass pollen allergen Phl p 5 [@b15]. Phl p 5 and related group 5 pollen allergens are highly potent and allergenic and were reported to be involved in triggering severe asthma attacks [@b16],[@b17]. Using a set of 10 human recombinant IgE obtained from grass pollen allergic patients, we now define the presence of at least four non-overlapping epitopes detected by these human IgE with potential additional binding sites for polyclonal IgE on this allergen. The presence of such an array of epitopes detected by IgE on a relatively small allergen (29 kDa) like Phl p 5 provides an explanation for the high allergenic potency of this protein.

Materials and methods
=====================

Recombinant antibody fragments
------------------------------

Single-chain fragment variable (scFv) and Fab specific for Phl p 5 have been selected by phage display technology. These proteins are summarized in Table S1. These proteins and variants thereof, produced as described in Supplementary Methods, were used in these investigations.

Recombinant scFv--Fc protein
----------------------------

ScFv fused to the Fc fragment of human IgE and IgG~2~ were produced in HEK293 cells as described in Supplementary Methods. Such fusion proteins that differ from conventional antibodies primarily by the presence of a short, flexible linker between the heavy and light chain variable domains and the absence of the first constant domain of the heavy chain and the constant domain of the light chain, have been used successfully in the past in a variety of applications [@b18],[@b19].

Recombinant allergens, allergen fragments and synthetic peptides
----------------------------------------------------------------

Recombinant Phl p 5.0101 and Phl p 6.0101 were obtained from Biomay AG (Vienna, Austria) while Phl p 5.0201 was kindly donated by Dr. Jonas Lidholm (Thermo Fisher Scientific AB, Uppsala, Sweden). The C-terminal fragment of Phl p 5.0201, and mutants thereof made as described in the past [@b20], was kindly donated by Dr. Kirsten Gehlhar (Ruhr-Universität, Bochum, Germany). The C-terminal fragment (residues 181-312) of Phl p 5.0101, mutants thereof, as well as Phl p 5-derived peptides were made as described in Supplementary Methods.

Immunological analysis of allergen binding properties
-----------------------------------------------------

Immunological analysis to determine the ability of scFv displayed on phage or scFv--Fc fusion proteins (scFv linked to Fcε or Fcγ2) to bind allergen was performed using standard methodology. These assays, described in detail in Supplementary Methods, assessed (1) the ability of these proteins to directly bind immobilized recombinant allergens and allergen fragments, (2) the affinity of scFv--Phl p 5.0101 interaction, (3) the ability of soluble allergen fragments to block binding of scFv to immobilized allergen, (4) the ability of a given specific scFv to block the binding of other scFv to Phl p 5, (5) the ability of pairs of recombinant scFv--Fc to bind allergen in a sandwich assay format, (6) the ability of anti-sera raised against defined peptides of Phl p 5 to block the binding of scFv to immobilized allergen, (7) the ability of scFv--Fcγ2 to block binding of polyclonal IgE to immobilized Phl p 5 and (8) the ability of serum IgE to bind complexes of allergen and recombinant scFv--Fcγ2 created in solution. Anonymized serum samples were used for this purpose with approval (EK 565/2007) by the ethics committee of the Medical University of Vienna. Furthermore, the reactivity of recombinant scFv--Fcε towards pollen allergen extracts and recombinant Phl p 5 was analyzed using the ImmunoCAP platform (Phadia AB, Uppsala, Sweden).

Results
=======

IgE heavy chains in Phl p 5-specific IgE show broad germline gene usage
-----------------------------------------------------------------------

Table S1 provides a summary of the human antibody fragments that so far have been selected for binding to Phl p 5.0101 from antibody fragment libraries developed from human IgE transcriptomes. Two additional sets of antibody fragments have been selected for specificity to Phl p 6, both of which cross-react to Phl p 5 [@b13]. All of these antibodies but one (clone 5) were derived from an antibody library established from transcripts of a single donor affected by allergic rhinitis. The ten IgE clones have a diverse heavy chain-encoding germline gene origin both in terms of usage of gene subgroups (IGHV1, 3 and 5) and individual genes (IGHV1-18, IGHV1-69, IGHV3-11, IGHV3-21, IGHV3-23, IGHV3-30/IGHV3-30-3, IGHV5-a) and a diverse composition of the third, often specificity-determining [@b21], complementarity determining region (CDR) of the heavy chain, including a diverse length (16.9 ± 4.2 residues) (Table S1). The binders were all mutated in comparison with the corresponding heavy chain variable gene and carried a frequency of mutations of 5.5 ± 2.8%, a level similar to that of many other immunoglobulin repertoires [@b22]. Altogether, the collection of antibody fragments represents a clonally diverse population of allergen-specific antibodies. We now produced several of these binders (4.2, 4.3, 4.4, 4.12, 4.13, p5-AB5, p5-MA5, clone 5 and p6-12) in scFv format fused to the Fc of human IgG~2~ and/or human IgE to perform further analysis of their reactivity patterns.

IgE targets both domains of Phl p 5 and preferentially the Phl p 5.0101 isoallergen
-----------------------------------------------------------------------------------

Phl p 5 is composed of two major domains [@b23],[@b24]. In the past, we defined three antibodies (4.2, 4.3 and clone 5) that bind to the N-terminal domain of Phl p 5.0101, as exemplified by their binding to an allergen fragment comprising residues 56-165 that showed high allergenic activity and was frequently recognized by grass pollen allergic patients IgE [@b12],[@b23],[@b25]. In addition, the C-terminal part of the allergen has also been identified as an IgE-reactive domain [@b26]. We produced a recombinant form of the C-terminal part of Phl p 5.0101 fused to GST (Glutathione S-transferase) and determined the ability of our monoclonal human antibodies to bind this protein. None of the antibodies that had been shown in the past to bind the N-terminal domain of Phl p 5 recognized its C-terminal fragment (Fig.[1](#fig01){ref-type="fig"}a). Clones 4.4, 4.12, 4.13, p5-AB5 and p5-MA5 bound the C-terminal fragment on its own (Fig.[1](#fig01){ref-type="fig"}a) showing that both domains contain epitopes bound by the recombinant human allergen-specific IgE fragments.

![Reactivity of human scFv (*x*-axis) to the Phl p 5 C-terminal domain (a) and to the two major isoallergens of Phl p 5 (b). The results represent means of duplicate determinations with variations of \< 8%.](cea0044-1409-f1){#fig01}

Two major isoallergens [@b15],[@b27] and 16 isoforms (variants) of Phl p 5 are recognized in the WHO/IUIS allergen nomenclature (<http://www.allergen.org/>). Mass spectrometry analysis of purified allergen even suggests that the number of isoforms of this allergen may be even larger [@b28]. The reactivity of most patients\' polyclonal IgE against different recombinant isoallergens is often of the same magnitude [@b29]. However, the IgE of some patients may display a distinct difference in isoallergen reactivity [@b29]. The isoallergen reactivity profile of one recombinant human IgE (clone 5) included in this study has been assessed in the past [@b25], and it was shown to bind only the Phl p 5.0101 isoallergen. We now tested additional recombinant human allergen-specific IgE antibody fragments to determine the degree of discrimination between the isoallergens of Phl p 5. We found that while all nine investigated scFv recognized the 01 isoallergen only four (4.3, 4.12, p5-AB5 and p5-MA5) recognized the 02 isoallergen (Fig.[1](#fig01){ref-type="fig"}b). ImmunoCAP analysis confirmed the ability of scFv 4.3 and the inability of scFv 4.2, 4.4 and 4.13, as scFv--Fcε, to bind the 02 isoallergen (data not shown). Furthermore, selection of the library used to isolate all but one of the Phl p 5-specific binders on Phl p 5.0201 did not result in identification of new scFv specific only for Phl p 5.0201 (data not shown). In conclusion, there are differences between isoallergens of Phl p 5 that translate into substantial differences in recognition by some human IgE and Phl p 5.0101 is the preferentially recognized isoallergen by this set of antibodies.

Recombinant human IgE antibody fragments recognize several conformational epitopes on both domains of group 5 pollen allergen
-----------------------------------------------------------------------------------------------------------------------------

First, the relative location of epitopes recognized by different specific antibody fragments was determined by cross-wise inhibition studies. Clone 5 and 4.3 did not interfere with each other\'s binding to the Phl p 5 N-terminal domain (Table[1](#tbl1){ref-type="table"}), whereas scFv 4.2 bound a third epitope on the N-terminal domain that overlaps with the epitopes of clone 5 and 4.3 [@b12]. p6-12 selected on Phl p 6, an allergen with high sequence similarity to the N-terminal domain of Phl p 5 (Fig.[2](#fig02){ref-type="fig"}a) bound an epitope that overlaps the epitope recognized by scFv 4.3 (Table[1](#tbl1){ref-type="table"}). There are thus several, only in part overlapping, epitopes on the N-terminal domain of Phl p 5. Using scFv--Fcγ2 to block the reactivity of scFv--Fcε it was possible to demonstrate that binders 4.12, p5-AB5 and p5-MA5, known to bind the C-terminal domain of the allergen, represented one group of specific binders targeting an overlapping epitope, while 4.4 and 4.13 represent another group of overlapping binders targeting other epitopes on the C-terminal domain. Although some overlap between the epitope clusters on the C-terminal domain appeared to exist using this assay methodology, several of the antibodies targeting one of the clusters-bound Phl p 5 even in the presence of antibodies targeting the other cluster (Table[1](#tbl1){ref-type="table"}). To confirm these findings sandwich assays were carried out in which the ability of an scFv--Fcε to bind allergen caught by another binder (scFv--Fcγ2) was assessed. The signals of such assays are affected by epitope specificity but also the affinity of the antibodies for the antigen. Nevertheless, as demonstrated in Figure S1, these studies confirmed the existence of four largely independent epitopes bound by (1) 4.3, (2) clone 5, (3) 4.4 and 4.13, and (4) 4.12, p5-MA5 and p5-AB5.

###### 

Assessment of the ability of different human antibodies to block each other\'s binding to immobilized Phl p 5

  Inhibitory scFv--Fcγ2   Test clone (scFv--Fcε)   Inhibitory scFv--Fcε   Test clone (scFv--Fcγ2)                                 
  ----------------------- ------------------------ ---------------------- ------------------------- ---- ---- ---- --------- ---- ----
  4.3                     ++                       −                      −                         −    −    −    4.3       ++   −
  Clone 5                 −                        −                      −                         −    −    −    Clone 5   nd   nd
  4.4                     −                        \+                     \+                        −    −    −    4.4       −    −
  4.13                    −                        ++                     ++                        \+   −    −    4.13      −    −
  4.12                    −                        −                      −                         \+   −    \+   4.12      −    −
  p5-AB5                  −                        −                      −                         ++   \+   ++   p5-AB5    −    −
  p5-MA5                  −                        ++                     −                         ++   −    ++   p5-MA5    −    −

++: \> 80% inhibition; +: 50--80% inhibition; −: \< 50% inhibition.

nd, not determined as clone 5 (and p6-12) scFv--Fcε could not be produced.

![Localization of epitopes on Phl p 5. The sequences (including the signal sequences (dashed line)) of the two isoallergens of Phl p 5 and the related allergen Phl p 6 (GenBank accession numbers are indicated) are aligned (a). Residues identical to those found in Phl p 5.0101 are indicated by dots; missing residues are indicated by dashes. The parts of Phl p 6 and the C-terminal domain of Phl p 5 that are visible in 3D-structures (PDB: 1NLX and 1L3P, respectively) are boxed. Sequences of peptides derived from the Phl p 5.0101 sequence that were used for epitope mapping are underlined in colour. Residue K246 (incorporated in peptide 6) of Phl p 5.0101 is printed in orange. The position of peptides are highlighted in the structures of Phl p 6 (PDB: 1NLX) (b) and the C-terminal domain of Phl p 5.0201 (PDB: 1L3P) (c). A schematic illustration of the size difference between an antibody, in this case an IgG (PDB: 1HZH) and the C-terminal domain of Phl p 5 (PDB: 1L3P; cyan) is shown (d). Antibody variable and constant domains are coloured green and brown with sequences that belong to heavy and light chains shown in dark and pale colour, respectively. (e) Percentages inhibition (*y*-axis) of binding of scFv--Fcγ2 (*x*-axis) to Phl p 5 by rabbit anti-peptide and anti-Phl p 5 anti-sera.](cea0044-1409-f2){#fig02}

To further characterize the epitopes of 4.12, p5-AB5 and p5-MA5 scFv derivatives, we tested scFv--Fcε against a set of mutants of the C-terminal domain of Phl p 5.0201 [@b20]. These proteins had been mutated, using an alanine-scanning approach, at 10 surface-exposed lysine residues of the C-terminal domain. 4.12, p5-MA5 and p5-AB5 scFv derivatives recognized the C-terminal domain of Phl p 5.0201 if lysines were retained at residues 214, 238 and 248 (Table[2](#tbl2){ref-type="table"}, Figure S2). The importance of residue 214 was confirmed by mutation of residue 246 of the C-terminal domain of Phl p 5.0101 (corresponding to residue 214 of Phl p 5.0201), which eliminated the reactivity of 4.12, p5-MA5 and p5-AB5 scFv (Fig.[3](#fig03){ref-type="fig"}). In contrast, 4.4 and 4.13, which could not be tested for reactivity to mutants of isoform Phl p 5.0201 as they did not recognize that isoform, were not sensitive to mutation of any of these three residues (246, 270 and 280, corresponding to residues 214, 238 and 248 of Phl p 5.0201) introduced into the C-terminal domain of Phl p 5.0101 (Fig.[3](#fig03){ref-type="fig"}). These studies confirm the existence of at least two different epitopes/epitope clusters detected by human IgE on the C-terminal domain of Phl p 5.

###### 

Recognition of recombinant group 5 or 6 allergens and versions of the C-terminal domain of Phl p 5.0201 in a direct binding assay

  Clone    Recombinant protein                                                         
  -------- ----------------------------------- ----- ----- ----- ---- ----- ---- ----- ---
  4.3      −[‡](#tf2-3){ref-type="table-fn"}   +++   ++    +++   −    −     −    −     −
  4.12     −                                   +++   ++    −     −    −     −    ++    −
  p5-MA5   −                                   +++   +++   −     ++   +++   \+   +++   −
  p5-AB5   −                                   +++   +++   −     \+   +++   ++   +++   −

The following mutations in the C-terminal domain of Phl p 5.0201 were investigated: mutation number 1: K149A; 2: K160A; 3: K166A; 4: K190A; 5: K193A; 6: K204A; 7: K214A; 8: K238A; 9: K248A; 10: K283A.

Residues 214, 238 and 248 (modified by mutations 7-9) in Phl p 5.0201 correspond to residues 246, 270 and 280 in Phl p 5.0101 (Figure[2](#fig02){ref-type="fig"}A).

Absorbance values: −: A~450~ = 0--0.5; +: A~450~ = 0.5--1; ++: A~450~ = 1--2; +++: A~450~ = 2--3.

![Effect on antibody binding of mutations in the C-terminal domain of Phl p 5. Binding of p5-MA5 (a), and 4.13 (b) to Phl p 5, the C-terminal domain of Phl p 5 and mutants (K246A, K270A or K280A) thereof, and GST. The results represent means of duplicate determinations with variations of \< 8%.](cea0044-1409-f3){#fig03}

We made use of synthetic peptides [@b30] covering much of the sequence of Phl p 5.0101 (Fig.[2](#fig02){ref-type="fig"}a) to further characterize the epitope specificity and nature of epitopes of our human monoclonal antibodies. According to circular dichroism analysis the synthetic peptides were unfolded and hence represented sequential epitopes [@b30]. Interestingly, none of the tested scFv--Fcγ2 (4.3, 4.4, 4.12, 4.13, p5-AB5, p5-MA5 and, clone 5) bound directly to any of these peptides demonstrating that they did not carry sufficient sequence and/or structure to allow binding (data not shown). These binders thus capture the profile of serum IgE that also is unable to recognize these peptides [@b30]. However, rabbit anti-sera [@b30] developed against some of these seven peptides inhibited the reactivity of IgE-derived scFv derivatives to Phl p 5.0101. In agreement with the non-overlapping nature of their respective epitopes, the binding of 4.3 and clone 5 was inhibited by anti-sera targeting peptides representing different parts of the allergen\'s N-terminal domain (i.e. residues 59--92 and 98--128, respectively) (Figs[2](#fig02){ref-type="fig"}b and e). The finding that antibodies targeting a peptide comprising residues 98--128 block binding of clone 5 confirmed past studies of this binder [@b25],[@b31]. Binders specific for the C-terminal domain were blocked to different degrees by anti-sera specific for three different peptides derived from this domain. In particular, the binding of scFv 4.13 was blocked by anti-sera targeting residues 176-212 while scFv 4.12, p5-AB5 and to a lesser extent, p5-MA5 detected an epitope blocked by anti-sera targeting three peptides (representing residues 176-212, 217-246 (i.e. including residue K246 defined by alanine scanning as described above) and 252--283 of Phl p 5.0101) that together represent the C-terminal domain of Phl p 5 (Figs[2](#fig02){ref-type="fig"}c and e). Using the peptide-specific anti-sera, it was thus possible to pinpoint the location of epitopes recognized by IgE-derived scFv on the folded Phl p 5 allergen suggesting that they are conformational in nature. The combined epitope mapping strategies demonstrate that Phl p 5 contains multiple conformational epitopes recognized by monoclonal human IgE antibodies.

Allergic subjects are not only likely to encounter different group 5 allergens from timothy but also to encounter such allergens from other grasses. Indeed, IgE antibodies from allergic patients are known to cross-react to allergens found in several different grasses [@b32] but the cross-reacting behaviour of human monoclonal IgE antibodies targeting the different epitopes of these allergens is not well established. Past studies of the Fab of clone 5 indicated that it reacted strongly not only to components of timothy grass (*Phleum pratense*) pollen but also to pollen extracts of other grasses [@b25],[@b33]. We now assessed the binding of seven of our IgE-derived human antibody fragments, to pollen extracts of several grass species. Each of the tested Phl p 5-specific binders cross-reacted with extracts of pollen derived from six different grasses although the precise levels differed (Fig.[4](#fig04){ref-type="fig"}). ScFv 4.4. and 4.13, both of which recognize the same epitope cluster in the C-terminal domain of the allergen, showed lower reactivity to barley pollen extract.

![Relative binding of seven human scFv--Fcε (*x*-axis) to pollen extracts from different grasses as percentage of reactivity to timothy grass pollen extract (*y*-axis).](cea0044-1409-f4){#fig04}

High-density recognition of Phl p 5 by allergic patients IgE
------------------------------------------------------------

To obtain further data regarding the density of IgE binding to the Phl p 5 allergen, we used a mix of four Phl p 5-specific scFv--Fcγ2 derivatives (4.3, 4.13, p5-AB5 and clone 5) to determine the extent of inhibition of binding of allergic patients\' polyclonal IgE to the allergen. The scFv-bound Phl p 5 with affinities in the range 3.9 × 10^6^--5.3 × 10^9^ [m]{.smallcaps}^−1^ (Table S1). Despite the fact that these scFv--Fcγ2 derivatives were present in excess in relation to the amount of immobilized allergen, bound to four different epitopes on Phl p 5 and each of them was more than threefold as big as the Phl p 5 allergen itself, although substantial, a yet only partial inhibition of allergic patients\' serum IgE binding was achieved (52--76% inhibition; mean inhibition: 65%) by their presence (Table[3](#tbl3){ref-type="table"}). A further 2.5-fold increase in scFv--Fcγ2 inhibitory concentration only slightly increased the blocking capacity by a few percent (data not shown). By contrast, an 87% mean inhibition (range 80--92%) of patients IgE binding was obtained with polyclonal Phl p 5-specific IgG antibodies (Table[3](#tbl3){ref-type="table"}). Thus, it appears that allergic patients contain IgE antibodies that can bind to Phl p 5 even in the presence of the four monoclonal IgE antibodies suggesting that high-density recognition of Phl p 5 by allergic patients\' IgE is achieved.

###### 

Inhibition of allergic patients\' IgE binding to Phl p 5 by allergen-specific recombinant antibodies or antisera

  Patient sample   Remaining binding (%) in the presence of antibody preparation                      
  ---------------- --------------------------------------------------------------- --------- -------- ---------
  1                48                                                              116       12       106
  2                41                                                              103       14       102
  3                30                                                              112       11       110
  4                24                                                              193       8        101
  5                36                                                              116       20       116
  6                28                                                              105       13       105
  Average ± SD     35 ± 9                                                          108 ± 9   13 ± 4   107 ± 6

4.3, 4.13, p5-AB5 and clone 5.

To further investigate this aspect, allergen-antibody complexes were established by incubation of Phl p 5.0101 with one (clone 5) or four (4.3, 4.13, p5-AB5 and clone 5) scFv--Fcγ2. Such complexes immobilized onto a surface were demonstrated to still expose a substantial amount of serum IgE-binding epitopes (Figure S3). Indeed, the presence of four instead of one scFv--Fcγ2 detecting different epitopes only partly (≤38%) reduced the IgE-binding capacity of allergen immobilized this way. Altogether, two different assay systems demonstrated that epitopes beyond the four epitopes defined by our set of recombinant scFv are present in the relatively small allergen Phl p 5.

Discussion
==========

Group 5 allergens such as the timothy grass pollen allergen, Phl p 5, are present in a variety of grass species and have been implicated in the induction of severe asthma attacks [@b16]. They have been recognized as highly allergenic proteins that are targeted by IgE early during the development of grass pollen allergy [@b34] and that account for high percentage of grass pollen-specific IgE [@b15],[@b17],[@b25]. Recombinant Phl p 5 is a key molecule used for diagnosis of grass pollen allergy [@b35], and it is incorporated as a component of new vaccines developed for specific immunotherapy of grass pollen allergy [@b36]. In this investigation, we have made use of the largest available panel of human monoclonal allergen-specific IgE described to date to analyze the molecular interaction of these antibodies and the Phl p 5 allergen. This set of binders was derived by combinatorial library technology and relies on the important role of the heavy chain variable domain in determining allergen specificity [@b7],[@b37],[@b38]. It therefore does not capture all aspects of the IgE that existed *in vivo*. For instance, the affinity of the interactions may be influenced by the molecular format (such as the use of the scFv format or the scFv--Fc fusion protein construct) or the precise light chain variable domain incorporated into the antibody fragment as allowed by the conditions employed during phage display selection. Despite the technological shortcomings, this type of binders likely represents a close match to allergic patients\' IgE.

Available IgE specific for Phl p 5 represent a diverse, somatically hypermutated repertoire in terms of immunoglobulin gene usage with an origin in several different heavy chain variable domain subgroups. The fact that all but one (clone 5) of these antibodies were derived from the repertoire of a single allergic individual demonstrates that despite the oligoclonality of IgE responses in general [@b4],[@b12],[@b39], the group 5 allergen is targeted by a quite complex repertoire of IgE. Such complexity is not always observed in the IgE responses to allergens. The group 2 grass pollen allergen represents a very much different target for IgE as such antibodies tend to be structurally very similar and to primarily recognize one set of epitopes [@b40],[@b41]. This finding is in agreement with the fact that Phl p 5 accounts for a high percentage of the grass pollen-specific polyclonal IgE response in patients, whereas IgE levels specific for group 2 allergens are low [@b42]. Phl p 1 on the other hand is a highly allergenic protein targeted by IgE primarily specific for one of its two domains, the C-terminal module [@b43]. IgE specific for this domain also recognize at least two non-overlapping epitopes within this small folded structure [@b18]. In conclusion, different allergens (even from the same allergen source) may be targeted by IgE populations of very different complexity.

The humoral immune response against Phl p 5 is not only diverse in terms of antibody variable domain sequence but also by the fact that it detects several non-overlapping epitopes distributed on both domains of the allergen. Epitope mapping has in the past identified IgE epitopes, some of which overlap each other, in the N-terminal domain of Phl p 5 [@b12],[@b25],[@b31]. The present investigation further dissects the location of these epitopes in the N-terminal domain and defines additional epitopes in the C-terminal domain of the allergen. Some reactivities following blocking (Table[1](#tbl1){ref-type="table"}) or unexpected interference in sandwich assay binding capability (Figure S1) are not completely congruent with the epitope allocation; however, four epitopes (recognized by e.g. 4.3, clone 5, 4.13 and p5-AB5, respectively) stand out as independent. Epitope allocations are further supported by differences in blocking by Phl p 5 peptide-specific antisera and/or differential sensitivity to mutation of the allergen. It is thus obvious that despite the small size of group 5 pollen allergen domains in comparison with antibodies (Fig.[2](#fig02){ref-type="fig"}d), Phl p 5 offers accommodation for several antibodies at largely independent sites. As even the presence of a mix of recombinant antibodies targeting the four epitopes on Phl p 5 was unable to completely block the reactivity of serum IgE to Phl p 5, it furthermore appears likely that additional epitopes targeted by patients\' IgE exist on Phl p 5 for which there are as yet no human monoclonal IgE representatives.

The N-terminal part of mature Phl p 5 (residues 26-58) is not required for binding of any of the herein-described human recombinant IgE as they recognize either the N- [@b12] or the C-terminal (this study) domain of the allergen. Yet, polyclonal antibodies specific for this protein segment are particularly effective in blocking serum IgE binding to intact allergen [@b30]. That polyclonal antiserum also in part blocked the binding of recombinant human IgE to allergen (Fig.[2](#fig02){ref-type="fig"}e). Either this N-terminal segment resides in proximity to (or even partly contribute to) epitopes mainly defined by residues in other domains within the folded structure, resulting in blocking through steric hindrance, or epitopes within this sequence are, due to sequence similarity, also found elsewhere in Phl p 5 (Figure S4). It may also be a target of at least part of the human IgE reactivity outlined above that has not yet been captured into the available set of recombinant human IgE. Altogether, this N-terminal sequence represents a prime candidate for future studies of its contribution to Phl p 5-specific IgE reactivity.

The complexity of the response against an allergen is likely to enhance its potential for initiation of the early events of an allergic reaction through efficient cross-linking of FcεR-bound IgE on mast cells and basophils [@b7]. We envisage that the potential for IgE binding to numerous independent epitopes on an allergen such as Phl p 5 renders it potent in terms of allergenic potential as has been described in studies of antibodies targeting the major timothy grass pollen allergen [@b9] and a mite allergen [@b7]. The high-density IgE recognition of Phl p 5 described in our study is also in agreement with findings made for the major birch pollen allergen Bet v 1 which likewise can accommodate the binding of several different IgE antibodies on a relatively small surface [@b44]. It becomes evident that any specific immunotherapy strategy targeting Phl p 5 will have to address the many epitopes of group 5 allergens. Development of safe hypoallergen variants of this allergen may thus be challenging, as we need to account for these many epitopes. Nevertheless, the present investigation and past studies [@b25],[@b31] have identified residues important for binding of some human IgE to Phl p 5. We foresee that these residues or residues located in their proximity, or hypoallergenic variants described by Wald et al. [@b45], might serve as candidates for a future evidence-based mutagenesis approach [@b18] to iteratively develop improved hypoallergenic variants of Phl p 5.

Pollen contains multiple isoallergens and isoforms of major allergens such as the group 5 allergens [@b28] and several grasses produce similar cross-reacting allergens [@b32]. Our results identify that monoclonal IgE with reactivity towards the Phl p 5.0101 isoallergen display broad cross-reactivity to group 5 allergens of a large variety of grass species. These findings and the efficiency of Phl p 5.0101 in an allergen cocktail to absorb grass pollen-specific IgE [@b11],[@b15] provide evidence that this particular isoallergen is a major candidate representing group 5 allergens to be incorporated into a grass pollen allergy vaccine.

In conclusion, we provide evidence that the presence of a large number of independent IgE epitopes and their tight packing on an allergen is likely an important factor contributing to the high allergenic potency of an allergen.
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**Data S1.** Materials and methods.

**Table S1.** Genes encoding and summary of properties of Phl p 5-specific IgEa.

**Figure S1.** Sandwich immunoassay detecting the ability of a second antibody (scFv-Fcε) to bind allergen caught on an immobilized antibody (scFv-Fcγ2).

**Figure S2.** Blocking of the binding of scFv P5b-7 (identical to p5-MA5) (top) and P5b-31 (a sequence variant of 4.12 that uses a light chain different from that found in 4.12) (bottom) (both selected by phage display for binding to Phl p 5.0201 (data not shown)), displayed on phage, to immobilized Phl p 5.0201 by pre-incubation of the displayed antibody fragment with recombinant allergens or recombinant C-terminal domain of Phl p 5.0201 or mutated variants thereof (1: K149A; 2: K160A; 3: K166A; 4: K190A; 5: K193A; 6: K204A; 7: K214A; 8: K238A; 9: K248A; 10: K283A).

**Figure S3.** Binding of serum IgE from 12 grass pollen allergic donors to complexes of Phl p 5.0101 and one (clone 5; red) or four (clone 5, 4.3, 4.13, and p5-AB5; blue) scFv-Fcγ2 fusion proteins that had been caught on immobilized anti-human IgG.

**Figure S4.** Sequence similarities (light grey shading) and identities (dark grey shading) between the N-terminal sequence of Phl p 5.0101, and the N-terminal parts of the N- and C-terminal domains of Phl p 5.0101.
